The frontal cortex mediates cognitive control and motivation to shape human behavior. It is generally observed that medial frontal areas are involved in motivational aspects of behavior, whereas lateral frontal regions are involved in cognitive control. Recent models of cognitive control suggest a rostro-caudal gradient in lateral frontal regions, such that progressively more rostral (anterior) regions process more complex aspects of cognitive control. How motivation influences such a control hierarchy is still under debate. Although some researchers argue that both systems work in parallel, others argue in favor of an interaction between motivation and cognitive control. In the latter case it is yet unclear how motivation would affect the different levels of the control hierarchy. This was investigated in the present functional MRI study applying different levels of cognitive control under different motivational states (low vs high reward anticipation). Three levels of cognitive control were tested by varying rule complexity: stimulus-response mapping (low-level), flexible task updating (mid-level), and sustained cue-task associations (high-level). We found an interaction between levels of cognitive control and motivation in medial and lateral frontal subregions. Specifically, flexible updating (mid-level of control) showed the strongest beneficial effect of reward and only this level exhibited functional coupling between dopamine-rich midbrain regions and the lateral frontal cortex. These findings suggest that motivation differentially affects the levels of a control hierarchy, influencing recruitment of frontal cortical control regions depending on specific task demands.
Introduction
Our decisions are driven by multiple factors, such as attention, motivation, emotion, and cognitive control. However, how these factors interact is not well understood. In particular, it is still under debate whether motivation and cognitive control operate independently to influence decision making (Kouneiher et al., 2009) or if these cognitive systems can also interact (Dreisbach and Goschke, 2004; Pessoa and Engelmann, 2010; Aarts et al., 2011) .
The lateral frontal cortex is a critical node in brain networks involved in cognitive control (Miller and Cohen, 2001; Fuster, 2004; Petrides, 2005; Duncan, 2010) . Recent models of goaldirected behavior propose a hierarchical organization of the lateral frontal cortex as a function of different levels of cognitive control (Koechlin et al., 2003; Fuster, 2004; Badre and D'Esposito, 2009; Bahlmann et al., 2014) . These models suggest that lower levels of cognitive control, such as choosing a specific motor response, are integrated within higher levels of cognitive control that guide behavior over longer time lags and at more complex levels of action contingency. Importantly, different levels of cognitive control are proposed to be represented in lateral frontal cortex along a rostro-caudal gradient (Koechlin et al., 2003; Badre and D'Esposito, 2007) , but see (Reynolds et al., 2012; Crittenden and Duncan, 2014) .
It has been suggested that positive (i.e., appetitive) motivation enhances cognitive control (Krawczyk et al., 2007; Pessoa, 2009; Jimura et al., 2010) . Kouhneiher et al. (2009) tested different levels of cognitive control during varying magnitudes of motivational incentives and demonstrated that motivational processes recruited medial frontal subregions, whereas lateral frontal subregions responded to different levels of cognitive control. No behavioral or neural interactions between motivation and cognitive control were found, leading to the conclusion that motivation and cognitive control are two independent systems operating in parallel during decision making. However, these findings are incongruent with recent behavioral and neuroimaging studies suggesting that motivation has differential effects depending on the type or level of cognitive control (Dreisbach and Goschke, 2004; Rowe et al., 2007 ; for reviews, see Pessoa, 2009; Aarts et al., 2011) . Nevertheless, these studies did not use different levels of cognitive control to engage the rostro-caudal gradient in the lateral frontal cortex.
In this study, which assesses the effect of motivation on different level of cognitive control, we tested two alternative hypothe-ses. First, motivation and cognitive control are modular and operate as two independent systems represented in distinct medial (motivation) and lateral (levels of cognitive control) frontal regions (Kouneiher et al., 2009; Charron and Koechlin, 2010) . Alternatively, these systems interact (Dreisbach and Goschke, 2004; Pessoa and Engelmann, 2010; Aarts et al., 2011) such that motivation modifies levels of cognitive control differentially to shape human behavior and these motivation-cognition interactions can take place in both medial and lateral frontal regions. Given evidence suggesting that dopamine is critical for motivation (Berridge and Robinson, 1998) and cognitive control (Cools and D'Esposito, 2011) , we also tested the hypothesis that functional connectivity between dopamine-rich midbrain regions and frontal cortex would differ as a function of motivation and levels of cognitive control.
Materials and Methods
Participants. Twenty right-handed individuals (9 female, mean age ϭ 22 years, SD ϭ 3.2 years) participated in this experiment. Data from 4 additional participants were collected but excluded due to excessive movement artifacts (n ϭ 1), poor behavioral performance (n ϭ 2), and problems with data collection (i.e., only 3 of 6 runs were collected, n ϭ 1). None of the participants had a history of a neurological, psychiatric, or a significant medical disorder. Informed consent was obtained from subjects in accordance with procedures approved by the Committees for Protection of Human Subjects at the University of California, Berkeley.
Experimental design. Two different tasks were used in the present experiment (Fig. 1A) . The digits 2, 4, 7, or 9 were presented on a screen. Participants either judged the parity of digits (i.e., are the digits odd or even) or the magnitude of digits (i.e., are the digits smaller or larger than 5). We chose these two tasks because they are frequently used in task-switching paradigms, they are equally difficult, and they are known to engage the lateral frontal cortex. Figure 1 . Experimental design. A, Rule structure of the experiment. Digits were judged according to one of two tasks: Magnitude (Ͼ5?) and parity (odd or even?). Judgment was given with the index or middle finger. Low-level control: one task (e.g., Magnitude) was conducted in several blocks. Mid-level control: type of task was triggered by the color of the digit. Color 1 ϭ magnitude and color 2 ϭ parity. High-level control: An additional cue (triangle) determined the type of color-cue task association. Triangle with upward-tip: Color 1 ϭ magnitude and color 2 ϭ parity. Triangle with downward-tip: Color 1 ϭ parity and color 2 ϭ magnitude. Three levels of cognitive control were combined with low reward (left) and high reward (right). Low reward: participants earned 1 cent per correctly executed task. High reward: participants earned 15 cents. B, Examples for each of the six experimental conditions: In each condition, mini-blocks (MB) consisting of four consecutive trials were presented. Motivation cues ("1 cent" or "15 cents") were always shown throughout the mini-block. Cognitive control level 1: Each MB comprised four magnitude (M) or four parity (P) tasks. Cognitive control level 2: M and P tasks were presented in random order in each MB. Digit-color (blue or yellow) determined the type of task. Cognitive control level 3: A triangle in front of the MB triggered the type of cue-task association. Upward-tip: green ϭ P and red ϭ M. Downward-tip: green ϭ M and red ϭ M.
Three different levels of cognitive control were tested: low, middle, and high levels of cognitive control varied as a function of rule complexity. Rule complexity refers to the manipulation of the relationship between task components (e.g., to associate a particular cue with a task) and drawing inferences about that relationship to make an appropriate response. In the present study, rule complexity was manipulated using three tasks that differed in the type of processing rules and that were nested in each other.
The low level of cognitive control was composed of a stimulus-response mapping task during which participants perceived a stimulus (digit presented on the screen) and gave a corresponding response (button press). This level of cognitive control consisted of only one rule (e.g., if stimulus A, then press button 1), therefore exhibiting the lowest rule. At this level, each trial in a block was composed of the same task. We presented the words "odd or even" or "small or large" in addition to the digits on the screen to indicate the parity block and a magnitude block. Pink or purple colors were randomly assigned to the digits because the color information was arbitrary in this condition.
At the middle level of cognitive control, participants switched between two tasks based on a color cue (e.g., blue or yellow color of a digit). This task-switching assignment comprised two rules, e.g., if color 1 and if stimulus A, then press button 1. The middle level of cognitive control exhibited increased rule complexity relative to the low level of cognitive control. At this level, the color blue or yellow of a digit indicated the magnitude or parity task.
At the high level of cognitive control, a second order cue determined which cue-task assignment was valid for a certain amount of time (i.e., over four trials). This rule maintenance task comprised of three rules, e.g., if cue-cue A, and if color 1, and if stimulus A, then press button 1. The high level of cognitive control exhibited the highest rule complexity in the present experiment. At this level, a cue-cue (a triangle pointing up or pointing down) at the beginning of a block indicated which color cue (green or red) determined the type of task. A triangle pointing up specified that the color green of a digit indicated the magnitude task and the color red of a digit indicated the parity task. In contrast, a triangle pointing down specified that the color red indicated the magnitude task and the digit color green indicated the parity task.
Rules of the three different levels of cognitive control are nested in each other such that magnitude judgment (low-level rule) is nested in the task-switching rule (mid-level rule), which is nested in the task-set maintenance rule (high-level rule).
Motivation was manipulated using a low and a high reward cue. In the high motivation condition, participants were told they could earn 15 cents for each correct trial. In the low motivation condition, participants were told they could earn 1 cent for each correct trial.
This experimental manipulation resulted in a 3 ϫ 2 design with the factors Cognition (low, mid, and high levels) and Motivation (low and high motivation). Therefore, we generated six different conditions, namely low control and low motivation, middle control and low motivation, high control and low motivation, low control and high motivation, middle control and high motivation, and high control and high motivation conditions. We divided the experiment into several blocks (18 blocks per condition). One block was composed of four trials of one condition (e.g., low control and low motivation condition; Fig. 1B) .
Procedure. Each block started with a triangle shape (2 s). In the high level of cognitive control blocks, this shape represented the cue-cue and was either a triangle with a downward tip or an upward tip. In the middle and low level of cognitive control conditions, triangles randomly pointed either to the left or to the right (these shapes were arbitrary). Next, a digit ("2," "4," "7," or "9"), a motivation cue ("1 cent" or "15 cents" in red), and a response-mapping screen ("odd/even" and "small/large") were presented (3 s). Participants gave their response with a button press using the right-hand index (i.e., "odd/small") or middle (i.e., "even/large") finger. We used only the digits 2, 4, 7, and 9 because they are the only digits between 1 and 10 that can be unambiguously judged in either of the two tasks (e.g., "odd" and "small" were the same button, so only even numbers that were smaller than 5 were used). Subsequently, a feedback "correct" or "wrong" was presented (0.5 s). Finally, at the end of a block, feedback was given indicating the amount of money participants gained in a block (0.5 s). Note that the motivation cue ("1 cent" or "15 cents") was permanently presented in a given block to ensure that participants did not have to memorize the motivation information in addition to the control task information. Each block lasted 18 s, followed by a resting block of the same duration. We divided the experiment into six sessions with 18 blocks each (three blocks per condition). Each session lasted ϳ11 min. To exclude the possibility that participants applied other rules than intended in this experiment, we asked in an after-scan questionnaire: "Did you use any specific strategy to do the task?" None of the participants reported a divergent rule application.
We counterbalanced the number of task switches per block in the mid-level and high-level cognitive control conditions. Blocks were presented in randomized order. Before the testing session, training was given, starting with the low level, then the middle level, and finally the high level of cognitive control blocks. Next, blocks of the three levels of cognitive control were presented in random order. No reward cues were presented during training. Training was given to ensure that participants only entered the experiment when they reached a certain behavioral criterion (i.e., 90% correct answers in 10 consecutive trials). Training lasted ϳ50 min. Preceding the test session, we informed participants about the possibility of gaining money during the experiment and gave an example of experimental blocks with motivation cues. Participants could earn maximally $28. We added the gained money to their paycheck in addition to the payment for the behavioral training ($10) and the testing session ($20) at the end of the experiment.
fMRI image acquisition. Data were collected on a Siemens Magnetom Trio 3T MR Scanner at the Henry H. Wheeler, Jr, Brain Imaging Center at the University of California, Berkeley. A 32-channel head coil was used. Anatomical images consisted of 160 slices acquired using a T1-weighted Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) protocol (TR ϭ 2300 ms; TE ϭ 2.98 ms; FOV ϭ 256 mm; matrix size ϭ 256 ϫ 256; voxel size ϭ 1 mm 3 ). Functional MRI scanning was performed using a T2*-weighted BOLD-sensitive gradient echo echoplanar imaging sequence (TR ϭ 1.8 s, TE ϭ 18 ms, ␣ ϭ 40°, FOV ϭ 19.2 cm, 64 ϫ 64 matrix, resulting in an in-plane resolution of 3 mm ϫ 3 mm). We acquired 36 axial slices (thickness: 3 mm with 10% interslice gap) covering the whole brain (descending acquisition). Participants viewed projected stimuli via a mirror mounted on the head coil and manual responses were obtained using a fiber optic response pad. Six functional sessions with 348 volumes were collected. The fMRI experiment lasted ϳ70 min.
Image processing. MRI data were analyzed using SPM8 (available at http://www.fil.ion.ucl.ac.uk/spm). Preprocessing comprised realignment (reference scan ϭ first slice, six parameters rigid body spatial transformation using second degree B-spline interpolation) and unwarp (fourth-degree B-spline interpolation). Next, slice-timing correction to the first slice and coregistration of the individual T1 image to the mean functional image was performed. Finally, segmentation of the individual T1 image, normalization to MNI space, and smoothing with 8 mm fullwidth at half-maximum Gaussian kernel was conducted. Normalizing an individual structural T1 image to the SPM8 T1 brain template was processed in two steps: segmentation of the structural T1 image into gray matter, white matter, and CSF and estimation of normalization parameters for the segmented images and writing the normalized images with these parameters. This procedure transformed the structural images and all EPI volumes into a common stereotactic space to allow for multisubject analyses. Voxel size was interpolated during preprocessing to isotropic 3 mm 3 . fMRI statistical analysis. BOLD signal change between conditions was analyzed using the general linear model approach implemented in SPM8. A block design matrix including all conditions of interest was specified using the canonical hemodynamic response function with time and dispersion derivatives. In addition, six motion parameters and sessions were modeled as covariates. Confounds of global signal changes were removed by applying a high-pass filter with a cutoff frequency of 128 s. In total, there were 18 blocks per condition, each lasting 18 s. The onset of an epoch was set to the first stimulus (i.e., triangle) in each condition. The resulting individual contrast images were submitted to the second level analysis. We conducted a 3 ϫ 2 ANOVA (flexible factorial design imple-mented in SPM8) with the factor Cognition (low, middle, and high level of cognitive control) and the factor Motivation (low and high motivation). To protect against false-positive activations a correction for multiple comparisons was performed at voxel level using familywise error (FWE) correction. If not mentioned otherwise, a FWE-corrected threshold of p Ͻ 0.05 was applied. Given our a priori hypothesis of activation of medial frontal regions, we used a small volume (SV) correction for the interaction effect (Cognition ϫ Motivation). Volumes for correction of the interaction effect were generated using the Marsbar toolbox (http://marsbar.sourceforge.net/) and anatomical ROIs based on the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002) . The second-level analysis of the interaction effect was restricted to the medial frontal region, including bilateral supplementary motor area, bilateral medial superior frontal gyrus, bilateral anterior cingulate cortex, and bilateral mid-cingulate cortex (containing 5039 voxels) based on the AAL atlas. All coordinates for peak activations were visualized with the software MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron/).
Region of interest analysis. The present study aimed to identify medial and lateral frontal regions that exhibit a (putative) interaction between motivation and cognitive control. To do so, we examined regions of interest (ROIs) in medial and lateral frontal subregions. To avoid the risk of circular analysis (Kriegeskorte et al., 2009), we defined ROIs in lateral frontal cortex based on a previous experiment investigating hierarchical cognitive control in lateral frontal cortex (Bahlmann et al., 2014) . In that experiment, we found activity in anterior inferior frontal sulcus (aIFS, MNI coordinate: Ϫ48, 47, 13), in mid-inferior frontal sulcus (mIFS, MNI coordinates: Ϫ48, 32, 31), and in ventral premotor cortex (vPM, MNI coordinates: Ϫ45, 5, 34). These three lateral frontal regions were activated for the processing of the highest level of cognitive control (aIFS), middle level of cognitive control (mIFS), and low level of cognitive control (vPM). The ROI in medial frontal cortex (i.e., presupplementary (pre-SMA, MNI coordinates: Ϫ6, 11, 52) was generated based on the contrast of all conditions versus baseline. This contrast explores the variance explained by all experimental conditions and thus reduces the risk of circular analysis. In addition, two medial frontal ROIs derived from the study by Kouneiher et al. (2009) were generated [pre-SMA, MNI coordinates: Ϫ5, Ϫ5, 55; dorsal anterior cingulate cortex (dACC), MNI coordinates: 10, 20, 40). ROIs were generated with the Marsbar toolbox (http://marsbar.sourceforge.net/). BOLD signal change was extracted from 6 mm spherical volumes in aIFS, mIFS, vPM, and pre-SMA from each condition in each participant. Percentage of BOLD signal change was calculated using the Marsbar toolbox and applying the following steps. First, ␤ values of the hemodynamic response function of each event were extracted. Second, a regressor was created representing the estimation of the height of the hemodynamic response function of each event using the duration of the event. Third, ␤ values of the hemodynamic response function were multiplied with the new regressor to obtain the estimated event response for each single event. The maximum height of the reconstructed event represented the size of the response. Finally, the arbitrary value of the size of the response was scaled by the mean signal in each ROI (divide each size value by mean signal and multiply by 100). Mean signal change values were exported for analysis using SPSS. A 3 ϫ 2 ANOVA on the percentage signal change was conducted with the factors Cognition (low, middle, and high level of cognitive control) and the factor Motivation (low and high motivation). The Greenhouse-Geisser correction (Greenhouse and Geisser, 1959 ) was always applied when evaluating effects with more than one degree of freedom in the numerator. In such cases, the uncorrected degrees of freedom (df), the corrected p values, and the correction factor are reported.
Psychophysiological interaction analysis. To explore functional coupling between different brain regions, we conducted a psychophysiological interaction (PPI) analysis. Beyond classical GLM analysis, a PPI analysis provides insights into the correlation of time courses of distinct brain regions independent of the experimental manipulation (Friston et al., 1997) . This method detects regions with activation that could be explained by the activation pattern of a seed region in interplay with a specific cognitive or sensory process. In the present study, we aimed to identify the cortical and subcortical networks that are involved in the processing of high motivation trials versus low motivation trials. Moreover, our aim was to test if three levels of cognitive control engage different networks when comparing high versus low motivation trials.
Midbrain dopaminergic neurons fire during the anticipation of reward (Schultz, 2002) . Therefore, we chose the midbrain as a seed region in the PPI analysis to assess motivation-dependent connectivity. The seed region in the midbrain was determined by the contrast of all conditions versus baseline in the whole-brain random-effects analysis. For each participant, the center of the volume of interest (VOI) was set to the peak voxel (12, Ϫ25, Ϫ11) in the midbrain. Each VOI had a sphere of 6 mm radius. The design matrix of each participant comprised three PPI regressors and six movement parameters (three translation, three rotation). The physiological variable of the PPI was the first regressor. It was the time series of the first eigenvariate of the BOLD signal. The signal was high-pass filtered to account for global signal changes and mean corrected. The psychological variable was the second regressor. This was the experimental context vector convolved with the canonical hemodynamic response function. Trials of conditions with a high motivation were given the value 1, those of conditions with a low motivation were given the value Ϫ1, and those of all other conditions 0. The interaction between the physiological and psychological variable of the PPI was the third regressor. This regressor was created by deconvolving the seed VOI time series, making an element-wise product of it with the psychological variable, convolving with the canonical hemodynamic response function, and orthogonalizing with regard to the other two PPI regressors (Gitelman et al., 2003) . The voxels that had a significant context-dependent increase in coupling with the seed region were identified by a t-contrast on the third PPI regressor. Individual contrast images entered the second-level random effect analysis, using one-sample t tests. Six different second-level random effect analyses were applied. We tested the effect of motivation on three levels of cognitive control, i.e., the effect of high motivation versus low motivation in low, middle, and high level of cognitive control (ϭ three random effect analyses). The opposite effects (low motivation vs high motivation) were also tested (ϭ another three random effect analyses). Given our hypothesis on a possible functional coupling between midbrain and lateral frontal areas, a small-volume correction was applied in the PPI analysis. The second-level analysis of the PPI analysis was restricted to left lateral frontal regions, including premotor cortex, inferior frontal gyrus, middle frontal gyrus, and middle orbito-frontal gyrus (containing 4044 voxels). Statistical inference was drawn similar to the whole-brain ANOVA (i.e., p Ͻ 0.05, FEW corrected).
Results

Behavioral data
We analyzed reaction times (RT) and error rates (ER) on the factor Cognition (low, middle, high level of cognitive control) and the factor Motivation (low, high motivation). The ANOVA on RT revealed a significant Cognition by Motivation interaction (F (2,38) ϭ 6.5, p ϭ 0.006, ϭ 0.855, Greenhouse-Geisser corrected), a main effect of Motivation (F (1,19) ϭ 11.85, p ϭ 0.003), and a main effect of Cognition (F (2,38) ϭ 58.86, p Ͻ 0.001, ϭ 0.919, Greenhouse-Geisser corrected). RTs of low motivation trials (mean ϭ 620 ms, SD ϭ 152 ms) differed from high motivation trials (mean ϭ 602, SD ϭ 144). RTs of low-level (mean ϭ 534 ms, SD ϭ 126 ms), mid-level (mean ϭ 651 ms, SD ϭ 160 ms), and high-level cognitive control (mean ϭ 648 ms, SD ϭ 163 ms) also differed. Based on the interaction effect, paired-sample t tests between low and high motivation on the three levels of cognitive control were performed (Fig. 2) . We found a significant difference between low and high motivation trials in the middle level of cognitive control on RT (t (19) ϭ 4.78, p Ͻ 0.001), demonstrating that participants were faster on high motivation trials compared with low motivation trials, suggesting a beneficial effect of motivation at this level of cognitive control. This effect was marginally significant in the low level of cognitive control on RT (t (19) ϭ 1.87, p ϭ 0.07) and was not significant in the high level of cognitive control. In addition, we compared the three levels of cogni-tive control directly on the difference of low and high motivation. These tests demonstrated significant differences of the beneficial effect of motivation between low-level and mid-level cognitive control on RT (t (19) ϭ 2.23, p ϭ 0.04). The beneficial effect of motivation also differed between the middle and high level of cognitive control on RT (t (19) ϭ 4.29, p Ͻ 0.001). The ANOVA on ER revealed a significant main effect of Motivation (F (1,19) ϭ 15.48, p ϭ 0.001) and main effect of Cognition (F (2,38) ϭ 14.63, p Ͻ 0.001, ϭ 0.949, Greenhouse-Geisser corrected). Participants conducted fewer errors on high motivation trials (5.6% errors) than on low motivation trials (7.2% errors). They also conducted fewer errors on low-level cognitive control trials (4.1% errors) compared with mid-level cognitive control trials (7.4% errors) and high-level cognitive control trials (7.6% errors). The interaction effect between Cognition and Motivation did not reach significance (F (2,38) ϭ 2.12, p ϭ 0.15, ϭ 0.709, Greenhouse-Geisser corrected; Table 1 ).
Functional MRI data Whole-brain analysis
We conducted a whole-brain ANOVA with the factor Cognition (low, middle, and high level of cognitive control) and Motivation (low and high motivation) as implemented in SPM8. The main effect of Cognition revealed increased activity in left lateral frontal areas, including premotor cortex, mid-inferior frontal sulcus, and anterior-inferior frontal sulcus (whole-brain corrected FWE Ͻ 0.05; see Fig. 3A , Table 2 for additional activations). The main effect of Motivation revealed increased activity in the anterior cingulate cortex, bilateral thalamus, and midbrain (wholebrain corrected FWE Ͻ 0.05; see Fig. 3A , Table 2 To further investigate the nature of the observed interaction effect, we conducted contrasts between high and low motivation conditions on each level of cognitive control (whole-brain corrected (FWE Ͻ 0.05). The contrast between high versus low motivation in low-level cognitive control revealed increased activity the anterior cingulate cortex and medial superior frontal gyrus. The contrast between high versus low motivation in mid-level cognitive control revealed increased activity in the right midbrain and right caudate nucleus (see Fig. 3B , Table 3 for additional activations). The contrast between high versus low motivation in high-level cognitive control revealed no differences in activity in any brain region.
After the whole-brain corrected (FWE Ͻ 0.05) main effects of Cognition reported above, we tested the contrasts between two levels of control in exploratory analyses ( p Ͻ 0.001 uncorrected). The contrast between high and middle levels of control revealed increased activity the left anterior inferior frontal sulcus (i.e., rostral lateral frontal cortex) and left premotor cortex. The contrast between middle and low levels revealed increased activity in mid-inferior frontal sulcus (i.e., mid-lateral frontal cortex) and premotor cortex (i.e., caudal lateral frontal cortex; see Fig. 3C , Table 4 for additional activations).
Next, we investigated the nature of the Cognition and Motivation interaction by applying 2 ϫ 2 interactions. The 2 ϫ 2 interaction between Cognition (low, middle level of cognitive control) and Motivation (low, high motivation) revealed activation in medial frontal cortex at an uncorrected threshold ( p Ͻ 0.001, uncorrected; Fig. 3D ). (Fig. 4) was performed in three independently defined lateral frontal subregions, the aIFS, mIFS, and vPM, derived from a previous study investigating into a rostro-caudal gradient of cognitive control (Bahlmann et al., 2014) . A medial frontal ROI in pre-SMA was generated based on the contrast of all conditions versus baseline. The ANOVA on factor Cognition (low, A, Reaction times separately for the six conditions. LL ϭ low reward low level, HL ϭ high reward low level, LM ϭ low reward middle level, HM ϭ high reward middle level, LH ϭ low reward high level, HH ϭ high reward high level. B, Shown here is the beneficial effect of motivation separately for the three levels of cognitive control. High reaction times differences (low minus high motivation trials) indicate faster responses for high motivation trials and thus a benefit from reward. middle, and high level of cognitive control) and the factor Motivation (low and high motivation) revealed an interaction effect in pre-SMA (F (2,38) ϭ 4.46, p ϭ 0.02, ϭ 0.897) and a marginally significant interaction in vPM (F (2,38) ϭ 2.74, p ϭ 0.08, ϭ 0.946) and in aIFS (F (2,38) ϭ 2.63, p ϭ 0.09, ϭ 0.840). Based on these interactions, paired-sample t tests were applied comparing the effect of Motivation (high vs low motivation) between the three levels of cognitive control (low, middle, and high level). We found a significant difference of the motivation effect between low-level and high-level cognitive control in pre-SMA (t (19) ϭ 2.59, p ϭ 0.02), in aIFS (t (19) ϭ 2.81, p ϭ 0.01), and in vPM (t (19) ϭ 2.12, p ϭ 0.04). This effect was not significant in mIFS (t (19) ϭ 1.65, p ϭ 0.1). In addition, in pre-SMA, the motivation effect was marginally significant between the low and middle levels of cognitive control (t (19) ϭ 1.81, p ϭ 0.08).
ROI analysis ROI analysis
We also found a main effect of Motivation in pre-SMA (F (1,19) ϭ 6.02, p ϭ 0.02), in aIFS (F (1, 19) ϭ 4.81, p ϭ 0.04), and in mIFS (F (1,19) ϭ 5.71, p ϭ 0.03). This effect did not reach significance in vPM (F (1,19) ϭ 2.85, p ϭ 0.1). Finally, the main effect of Cognition reached significance in all of the four ROIs: aIFS (F (2, 38) (F (2,38) ϭ 20.26, p Ͻ 0.001) and no effect in SMA (F Ͻ 2.4).
Relationship between BOLD activity and behavior
Based on the interaction between levels of cognitive control and motivation in the ROI analysis, we further investigated activity in the three lateral frontal subregions as a function of individual behavioral differences. We analyzed the relationship between the beneficial effects of motivation at mid-level control condition (reaction times differences between high and low motivation trials) and differences in BOLD signal (percentage signal change of the difference between high and low motivation trials) using a correlation analysis of individual RT values and individual BOLD changes in aIFS, mIFS, and vPM. We applied parametric (Pearson's r), as well as nonparametric (Spearman's rho and Kandell's tau) correlation coefficients. These correlations were significant in mIFS (r ϭ 0.491, p ϭ 0.03; rho ϭ 0.505, p ϭ 0.02; tau ϭ 0.368, p ϭ 0.03) and aIFS (r ϭ 0.508, p ϭ 0.02; rho ϭ 0.558, p ϭ 0.01; tau ϭ 0.357, p ϭ 0.3) but not in vPM (r ϭ 0.135, rho ϭ 0.09, tau ϭ 0.08; Fig. 5A ).
PPI analysis
The PPI analysis aimed to identify brain regions that are functionally coupled with the midbrain, which contains dopamine neurons involved in motivational processing (Schultz, 2002) . The midbrain seed was generated based on the contrast of all conditions versus baseline. We aimed to detect a possible coupling between the midbrain seed region and the lateral frontal cortex as a function of the interaction between motivation and cognitive control. To do so, six different analyses were done, namely a PPI analysis on the difference of high minus low motivation in low, middle, and high level of cognitive control and the opposite contrasts (i.e., low vs high motivation in low, middle, and high level of cognitive control). Only the contrast of high versus low motivation in mid-level cognitive control condition revealed a significant effect located in left inferior frontal junction (ϳBA 6/44, MNI coordinate: Ϫ54, 8, 40, SV-FEW corrected). The inferior frontal junction is approximately located between the vPM and mIFS ROI of the lateral frontal cortex (Fig. 5B, left) . Next, comparisons of individual connectivity values and individual RT values were conducted. Connectivity values were extracted from left inferior frontal junction, representing the functional coupling between this region and the midbrain seed regions. Behavioral values represent the individual beneficial effects of motivation in middle level of cognitive control; that is, reaction times differences between low and high motivation trials in middle level of cognitive control were used. Pearson productmoment coefficient analysis revealed a significant correlation between connection values and the beneficial effect of motivation in middle level of cognitive control (r ϭ 0.609, p ϭ 0.004; Fig. 5B , right). This effect was not significant in the low (r ϭ 0.174) or high (r ϭ 0.283) level of cognitive control.
Discussion
This study identified an interaction between motivation and different levels of cognitive control. The interaction was observed in both the behavioral and neural data. Behaviorally, different levels of cognitive control showed different beneficial effects of reward. We found a robust decrease of reaction times for high versus low reward anticipation at the middle level cognitive control trials, which was significantly smaller in the low-and high-level cognitive control trials. Neural correlates of the interaction between motivation and cognitive control were found in medial and lateral frontal cortex. More specifically, these regions exhibited increased activity for high versus low reward anticipation, which was stronger at the low level of cognitive control trials compared with the other two control levels. Finally, dopamine-rich midbrain regions and lateral frontal cortex were functionally coupled as a function of the beneficial effect of reward only for the midlevel cognitive control. Previous studies have found that motivation has an enhancing effect on cognitive control. This effect is demonstrated by faster reaction times for high relative to low reward expectation (Della Libera and Chelazzi, 2006; Dreisbach, 2006) , increased spiking of frontal neurons in monkey (Kobayashi et al., 2002; Roesch and Olson, 2003) and increased BOLD response in caudal lateral frontal areas in humans (Pochon et al., 2002; Taylor et al., 2004; Krawczyk et al., 2007; Engelmann et al., 2009; Jimura et al., 2010) . Moreover, a recent neuroimaging study revealed a rostro-caudal gradient in medial frontal cortex as a function of different valuebased control decisions (Venkatraman et al., 2009 ). The present study investigated the enhancing effect of motivation on cognitive control by not only manipulating differences in reward anticipation, but also by using multiple levels of cognitive control. Our whole-brain ANOVA on Cognition (low, middle, high level of cognitive control) and Motivation (low, high reward) revealed three different activation patterns. First, different levels of cognitive control activated different subregions in lateral frontal cortex. Exploratory whole-brain analyses revealed that high-level versus mid-level cognitive control aIFS and mid-level versus lowlevel cognitive control activated mIFS (Fig. 3C) , corroborating previous studies suggesting a rostro-caudal gradient in (lateral) frontal cortex for different levels of cognitive control despite using very different tasks (Koechlin et al., 2003; Badre and D'Esposito, 2007; Venkatraman et al., 2009; Bahlmann et al., 2014) . However, the statistically independent ROI analysis in aIFS did not reveal differences in hemodynamic responses between the high and middle levels (Fig. 4) . Further research is needed to investigate these conflicting results. Second, a main effect of motivation was found in medial frontal cortex, subcortical regions, and the midbrain, consistent with previous studies on the anticipation of monetary reward (Knutson et al., 2003; Kirsch et al., 2003; Zink et al., 2004; Rushworth et al., 2011) . Third, in our whole-brain analysis, an interaction effect between Cognition and Motivation was found in medial frontal cortex (medial superior frontal gyrus; Fig. 3A ). In our ROI analyses, interaction effects were also observed in lateral frontal subregions (Fig. 4) . Moreover, behaviorally, the effects of motivation were enhanced for the middle level of control especially relative to the high level of control (Fig. 2) , although the difference of control complexity between these two levels is smaller compared with the difference between low and middle levels of control. Therefore, our findings are consistent with the notion that motivation shapes cognitive control dependent on the nature of the control process (Pessoa and Engelmann, 2010; Aarts et al., 2011) . Accordingly, levels of cognitive control and motivation might not represent two independent and parallel processes, as was suggested previously (Kouneiher et al., 2009) .
Our results demonstrated that the enhancing effect of motivation differs as a function of levels of control. Regarding specific task properties, the low level of cognitive control condition consisted of a simple S-R mapping rule. The mid-level control condition was more complex, exhibiting flexible updating of task information by using a cue-task association rule. The high-level control condition was most complex, because a second order cue determined which cue-task assignment was valid for a certain amount of time. Behaviorally, the beneficial effect of reward was significantly stronger in the middle level of control relative to the other levels (Fig. 2) . This interaction between motivation and cognition might result from differences in cognitive load of the different tasks at hand. High-level control tasks may be too demanding to generate an additional enhancing effect of motivation. These higher demands on cognitive control might result from increased, ineffective performance monitoring during high-level control. Consistent with this interpretation, increased performance monitoring was shown to diminish task performance for high relative to low monetary incentives (i.e., choking under pressure was observed, Lee and Grafton, 2015) . In contrast, performance of low-level control tasks might already be very high such that variance differences of RT between high and low motivation trials are no longer detectable. In terms of BOLD responses, we did observe greatest effects of motivation in the low-level control condition in our ROIs (Fig. 4) , suggesting that High values relate to higher activity for motivation. B, PPI analysis. Left, Results of the PPI analysis on mid-level cognitive control condition (high vs low motivation) with midbrain as seed region. Note that we found no significant effect on the analysis in low-level and high-level cognitive control conditions. Right, Correlation between individual connectivity values of IFJ and individual behavioral values (i.e., reaction time differences between high and low motivation conditions in mid-level cognitive control condition). our behavioral effects in this level indeed reflected ceiling effects of performance. Our middle level of cognitive control might have been optimal in terms of performance monitoring and room for improvement, suggesting that both too little (low-level tasks) and too high (high-level tasks) cognitive control complexity diminish the motivation effect in speed of responding (i.e., an inverted-U shape function). On the contrary, the BOLD responses showed a linear effect of motivation, suggesting that increased control (and performance monitoring) demands result in decreased effects of motivation. In addition to these hierarchical effects, the middle level of cognitive control is characterized by flexible task-set updating, which might represent an optimal cognitive task demand to generate beneficial effects of positive motivation or emotion, as was observed in earlier studies (Dreisbach and Goschke, 2004; Dreisbach, 2006; Aarts et al., 2010 Aarts et al., , 2012 van Holstein et al., 2011; van Wouwe et al., 2011) . Therefore, we found a distinctive influence of motivation on the control hierarchy such that different levels of this hierarchy gain differently from motivation. An unexpected finding is that the beneficial effect of reward in rostral frontal areas (i.e., aIFS) was highest in the low-level cognitive control condition (Fig. 4) . These results suggest that lowlevel cognitive control tasks also engage rostral (i.e., aIFS) regions when relatively high rewards are at stake. However, the aIFS activity was still significantly lower for the low-level compared with the high-level cognitive control tasks, which is consistent with a rostro-caudal gradient in lateral frontal cortex. A speculative post hoc interpretation could be that motivation might shape the rostro-caudal organization in lateral frontal cortex such that rostral regions become engaged in lower cognitive control processes when the prospect of earning a reward is high. Therefore, rostral regions do not only represent higher control complexity, but also lower ones when motivation is high.
In the present study, individual behavioral differences of the beneficial effect of motivation predicted brain activity changes during reward anticipation only at the middle level of cognitive control in two left lateral subregions (i.e., mIFS and aIFS; Fig.  5A ). Moreover, PPI analyses at each level of cognitive control as a function of motivation revealed functional coupling between a midbrain seed region and left lateral cortex (i.e., IFJ) only on the middle level of cognitive control (Fig. 5B) . The midbrain seed region was chosen because this region synthesizes dopamine and is crucial for motivation (Berridge and Robinson, 1998) . Dopamine is also well known to play an important role in cognitive control Bilder et al., 2004; , for example, during control of flexible task updating and its modulation by motivation (Aarts et al., 2011) . Please note that we cannot identify a specific midbrain nucleus with the imaging technique we implemented (Eapen et al., 2011) . The IFJ plays an important role in the processing of cognitive control tasks requiring flexible updating such as task-switching or Stroop tasks (for review, see Brass et al., 2005) . Moreover, a recent study on the influence of genetic differences on cognitive control processing found that the density of dopamine D2 receptors is correlated with increased activity in IFJ during flexible task updating (Stelzel et al., 2010) . Our results revealed functional connectivity between midbrain and IFJ as a function of motivation during flexible updating (i.e., mid-level control). This finding suggests that the dopamine-producing midbrain region that is critical for motivation is functionally coupled to the IFJ, which has been shown to be sensitive to dopamine D2 density differences during flexible updating. In addition, motivational processes during flexible updating were significantly correlated with connectivity strength between midbrain and IFJ such that stronger beneficial effects of motivation were associated with higher connectivity between midbrain and IFS (Fig. 5B ). Midbrain and IFJ might be part of a network integrating motivational and cognitive processes to shape human goal-directed behavior such that motivation enhances midbrain projections within the dopaminergic brain circuit to the IFJ if flexible updating of task information is needed.
